ABSTRACT Noninvasive DNA sampling allows studies of natural populations without disturbing the target animals. Unfortunately, high
genotyping error rates often make noninvasive studies difficult. We report low error rates (@@e€Lis) when genotyping 18 microsatellite

loci in only 4 multiplex polymerase chain reaction amplifications using fecal DNA from bighorn sBeéxdnadensis). The average locus-

specific error rates varied significantly between the 2 populations40vk31.686; P, 0.001), as did multi-locus genotype error rates ¥2.3

vs. 14.%; P, 0.007). This illustrates the importance of quantifying error rates in each study population (and for each season and sample
preservation method) before initiating a noninvasive study. Our error rates are among the lowest reported for fecal samples collected
noninvasively in the field. This and other recent studies suggest that noninvasive fecal samples can be used in species with pellet-form feces for
nearly any study (e.g., of population structure, gene flow, dispersal, parentage, and even genome-wide studies to detect local adaptation) that
previously required high-quality blood or tissue samples. (JOURNAL OF WILDLIFE MANAGEMENT 72(1):299-304; 2008)
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Noninvasive DNA sampling from feces, shed hair, feathersgenotyping error rate is de ned as the proportion of single
sloughed skin, or urine allows studies of free-ranginglocus genotypes with one or both alleles scored incorrectly.
animals without capturing or even disturbing them. Fecal Repeat genotyping analyses increase costs in time and
samples are especially useful when studying endangerggnhsumables. Thus, it would be helpful to 1) minimize error
species because feces is the only material not requiringtes and 2) co-PCR amplify (multiplex) several loci in a
Convention on International Trade in Endangered Speciessingle reaction tube. Multiplexing saves time and consumes
permits for transportation internationally. Feces can alsQess DNA per locus analyzed, which is important in
yield information about physiological hormones (e.g., stresgoninvasive studies that typically yield limited quantities
and reproductive condition), diet, and parasite load, unlikeys pNA. Unfortunately, multiplexing likely causes higher
other noninvasively sampled material (€.g., shed hair). ooy rates, at least at some loci, because it can be dif cult to
A major disadvantage of noninvasive sampling is highyimize ampli cation conditions for multiple loci in the
m|crosate!l|te genotyping error rates that often occur dug %ame PCR. Finally, error rates must be especially low when
Iow-quantlty a”‘? Io.vx{-qual-lty DNA or polymerase chain genotyping many loci in order to keep the multi-locus error
reaction (PCR) inhibitors in feces (Taberlet et al. 1999).rate reasonably low. The multi-locus error rate is the

Microsatellites have become the marker of choice for . . .
. . X L . proportion of multi-locus genotypes that containl error
noninvasive studies because of their high polymorphis ) . .
e.g.,>>1 allelic dropout over all loci genotyped). The multi-

and relative ease of ampli cation (Luikart and England
1999). Because microsatellite genotyping error rates can
exceed 3 per locus (Gagneux et al. 1997), researchers
often must repeat genotypings to determine the correct
genotype for each locus in each individual studied (Taberlet
et al. 1999, Pompanon et al. 2005). The per-locus



Locus-speci ¢ genotyping error rates ranged from?0.@®
0.8% in Thompson Falls and from 0% to 7.5% in Glacier
Park (Table 1). The loci with highest error rates were LIF
and TRCBYV, which may result from these primers being
designed for cattle DNA sequences (Table 1). Error rates
were especially low in Thompson Falls, with only 6 total
errors (5 dropouts and 1 false allele) out of 2,560
genotypings (16 locB 8 replicates3 20 loci). Allelic
dropout rates were higher than false allele rates (by approx.
2-5 times; Table 2).

We detected signi cantly lower locus-speci ¢ error rates in
Thompson Falls than in Glacier Parke(, 0.001; Table 1).
We also detected signi cantly lower multi-locus genotyping
error rates (2.%; 3 of 128 multi-locus genotypings) in
Thompson Falls and (14%; 18 of 128 genotypings) than
in Glacier Park ¢*=7.23,P, 0.007). When we dropped
the 2 loci with the highest error rates (LIF and TRCBV62),
the multi-locus error rates were only ¥6and 8.86 for
Thompson Falls and Glacier National Park, respectively.

DISCUSSION

Our genotyping error rates are among the lowest reported
for noninvasive fecal samples. Many studies report single-
locus error rates 10-30% for DNA extracted from feces
(e.g., Gagneux et al. 1997, Goossens et al. 2000, Murphy et
al. 2002). Error rates were low even for some loci with
relatively long alleles (250 base pairs), suggesting relatively
Figure 1. (a) Locus quality index for 21 microsatellite loci genotyped 128 limited DNA deQradatlon' For exgmple, OLADRBps had
times (16 individual$ 8 replicates) using fecal DNA from Thompson Falls &N error rate of @ in both populations (allele length range:
and Glacier National Park, Montana, USA. (b) Sample quality index for 16 273—-295 base pairs; Table 1). The substantial inter-locus
samples (21 loci genotyped 8 times) showing generally lower-quality DNAy griation in error rates suggests that researchers should often

samples from Glacier National Park (mean inde».743) compared to h ilabl dditi | loGi i " |
Thompson Falls (mean index 0.890). Samples were collected in the fall ave available addiional locl In case some perform poorly

and winter of 2005 from Glacier National Park and Thompson Falls, during the study.
respectively. Our low error rates likely are attributable to several factors.
First, we sampled fresh fecal pelletsi(hr after defecation).

quality of individual pellet samples from Glacier Park S€cond, DNA degrading enzymes (nucleases) were in-
compared to Thompson Falls is evident from the pellethibited quickly by submerging the pellets in a large volume
sample quality index (Fig. 1b). of high percentage (96) ETOH. Third, washing off only
Heterozygosity levels among loci ranged from 0.12 to 0.91he external mucous layer from pellets (and then discarding
(Table 1). The total number of alleles ranged from 3 to 9 perthem) concentrates DNA (and perhaps many intact cells)
locus. We observed signi cant deviations from Hardy_while minimizing contamination with PCR inhibitors in the
Weinberg proportions at only 2 loci (LIF and MMP9 =  fecal material. Finally, we sampled in fall (Glacier) or winter
0.007 for each locus, both in the Glacier population). We (Thompson Falls) when the vegetation is less moist and
detected no strong gametic disequilibriuf ( 0.01) for more abrasive, and when fecal matter moves more slowly
any pairs of loci in either the Glacier or Thompson Falls through the gut. This may promote sloughing of epithelial
populations. cells from the intestinal lining. In Glacier Park, pellets

Table 2. Mean per-locus and multi-locus genotyping error rates for 18 microsatellites genotyped in bighorn sheep from 2 populations (Glacier National Park
and Thompson Falls, Montana, USA). Samples were collected in the fall and winter of 2005 from Glacier National Park and Thompson Falls, respectively.
We computed error rates as the percentage of replicate genotypings resulting in an error.

Mean rate of Mean rate of Mean rate of Multi-locus
Population allelic dropouts false alleles Total error rate® non-amplification error rate
Glacier Park 1.3 0.3 1.6 6.8 14.1
Thompson Falls 0.09 0.04 0.13 2.7 2.3
Overall mean 0.1% 0.1%% 0.9% 4.8% 8.2

@ Single-locus error rate.
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collected in October were noticeably less moist than thoseuminant species with pellet-form feces (deer, sheep, and
collected in September. goats) that can be easily surface-washed or surface-scraped tc
Lower error rates at Thompson Falls were attributed torecover DNA while minimizing the presence of inhibitors of
sampling later in the year (late Dec vs. Sep—Oct in GlacierPCR. This suggests that herbivores and surface-wash
when 1) vegetation was more abrasive or passed through thechniques provide relatively high-quality DNA for PCR
gut more slowly and 2) ambient temperature was colderampli cation. Future studies are needed in other taxa (e.g.,
slowing DNA degradation. Also, we put vials collected atcarnivores) and in species with different forms of feces
Thompson Falls in a freezer-{08C) within approximately  (especially round or pellet form) to further assess if surface-
12 hours after sampling, and they remained there until wevash or -scrape techniques can minimize error rates and
shipped them to the laboratory for analysis, whereas w#nprove noninvasive sampling approaches in wildlife studies.
stored _V|als _from Glacier at room temperature. It is MANAGEMENT IMPLICATIONS
uncertain which factor(s) led to lower genotyping error
rates for the Thompson Falls samples (vegetation, ambienthe genotyping error rates reported here are low enough to
temperature, or freezing of sample vials). Nonetheless, olow noninvasive fecal samples to be used for nearly any
study identi es important wariables to consider when application that previously required blood or tissue samples
planning noninvasive studies. Further study of these factorslaberlet et al. 1999).
is warranted. These results suggest we now can genotype dozens of loci
Multi-locus genotyping error rates are important becausend achieve low enough error rates to allow powerful studies
multi-locus genotypes are used for certain applications suc®f Paternity, relatedness (Blouin et al. 1996), dispersal, and
as individual identi cation, assignment tests, and paternityforensics (using assignment tests to determine the popula-
analysis. In each population, we genotyped 16 individuals §0on of origin of migrants or illegally killed animals; e.g.,
times (Table 2), making 128 multi-locus genotypes perCornu_et et gl. 199_9, Manel et f';\l. 2002), .and to identify
population. Although the multi-locus error rates were adaptlvely differentiated populations or loci under selection
signi cantly different between Glacier and Thompson Falls, (6:9-, Luikart et al. 2003). We recommend that future
no individual multi-locus genotypes had 1 error in studies use PCR multiplexing of multiple (4-6) loci, which

Thompson Falls, and only 3 multi-locus genotypes hadS@ves time and money and consumes less DNA, thereby
. 1 error in Glacier Park. This result is important and making noninvasive wildlife genetics studies more feasible.
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